Introduction
Interleukin-12 (IL-12) is critical for the differentiation of T helper 1 (Th1) cells and interferon gamma (IFN-␥) production. This is important for protection against various intracellular pathogens, as evidenced by the susceptibility of mice and humans lacking ligand or receptor subunits. [1] [2] [3] [4] [5] [6] IL-12 binding to its receptor activates the tyrosine kinases Jak2 and Tyk2, followed by phosphorylation and nuclear translocation of the transcription factor Stat4 with subsequent IFN-␥ production. 6 Accordingly, Stat4 Ϫ/Ϫ mice also share many of the features of IL-12/IFN-␥-defective animals. 7 Transcriptional profiling studies have previously identified a number of IL-12-regulated genes that offer insights into Th1 differentiation. [8] [9] [10] [11] Cytokine receptors like IL-12R␤2, IL-18R␣, and IL-2R␣ and transcription factors such as IRF-1 are induced by IL-12. 12 In this study, we evaluated IL-12-induced gene-expression patterns in peripheral T cells of healthy donors, hoping to identify new potential regulators of IFN-␥ and Th1 differentiation.
Study design Cell culture and transfection
Human peripheral blood mononuclear cells were cultured in medium with phytohemagglutinin (1 g/mL) for 3 days, and in IL-2 for 1 day, to up-regulate IL-12R (Ͼ 90% CD3 ϩ ). 13 Splenic CD4 ϩ and CD8 ϩ T cells were isolated by negative selection and cultured with IL-2, anti-CD3, and anti-CD28 (3 days) before activation with cytokines. Th1 and Th2 cells were prepared using appropriate cytokines and antibodies. 14 LoVo cells (ATCC, Manassas, VA) were transfected with vectors encoding furin (pSVLFur; ATCC) and IFN-␥ (pORF-hIFN␥; InvivoGen, San Diego, CA) using FUGENE6 (Invitrogen, Carlsbad, CA). Human T cells were transfected with human T-cell nucleofector kit (Amaxa, Gaithersburg, MD). ␣ 1 -antitrypsin was from Sigma-Aldrich (St Louis, MO) and recombinant ␣ 1 -antitrypsin Portland (␣ 1 -PDX) lyophilized in PBS, pH 7.2, was from Affinity Bioreagents (Golden, CO).
RT-PCR, Western blot, ELISA, and ChIP
RNA was isolated and mRNAs were quantified by real-time polymerase chain reaction (PCR; ABI PRISM7700; Applied Biosystems, Foster City, CA). Western blotting was performed using antifurin (Santa Cruz Biotechnology, Santa Cruz, CA) and antiactin antibodies (Chemicon, Temecula, CA). 15 IFN-␥ and IL-4 were detected by enzyme-linked immunosorbent assay (ELISA; R&D Systems, Minneapolis, MN) or Cytometric Bead Array (BD Biosciences, San Jose, CA). Chromatin immunoprecipitation (ChIP) was performed as described. 14 Anti-Stat4 was from Santa Cruz Biotechnology and anti-Stat5 was from R&D Systems. The eluted DNA samples were analyzed by quantitative (q) PCR with murine furin (Fur) and oncostatin M (Osm) promoter site-specific primers using ABI PRISM7700.
Results and discussion
To obtain insights into developing human Th1 cells, we surveyed T-cell gene expression in response to a 6-hour stimulation with IL-12 using Affymetrix human genome microarrays. We identified a number of genes known to be regulated by IL-12, but also consistently observed the induction of the gene encoding a ubiquitously expressed proprotein convertase (PC), furin 16 (average fold of induction 2.72, P Ͻ .001), consistent with the findings of another study in mouse Th1 cells. 10 We confirmed the induction of furin by IL-12, but not other cytokines by q-PCR ( Figure 1A ). Unlike IFNG, no synergy between IL-12 and IL-2 or IL-18 was observed. However, reactivation through T-cell receptor (TCR) further up-regulated furin expression in polarized T-helper cells ( Figure 2C ). Other PC family members, with the exception of LPC, were either absent or relatively poorly expressed in T cells and, in contrast to furin, the expression of LPC was not regulated by IL-12 ( Figure 1B ). As shown in Figure 1C , wild-type and Stat4 Ϫ/Ϫ CD4 ϩ T cells had similar basal expression of furin, but IL-12 induction was abrogated in Stat4-deficient cells. Using Ifng Ϫ/Ϫ CD8 ϩ and CD4 ϩ T cells, we found that the IL-12-dependent furin regulation was not secondarily dependent on IFN-␥ ( Figure 1D and data not shown). We identified potential Stat4 binding sites in the putative promoter region (2000 bp upstream of exon 1) of murine furin gene. A quantitative ChIP assay showed that IL-12 induced Stat4 binding; however, Stat5 binding to the promoter was not detected ( Figure 1E ). Finally, furin mRNA ( Figure 1F ) and protein ( Figure  1F , insert) were also highly expressed in Th1 cells compared with Th2 cells, suggesting that this protease might contribute to IFN-␥ regulation and cell-mediated immunity.
To examine whether furin had any capacity to modulate IFN-␥ production, furin-deficient LoVo cells 17 were transfected with a plasmid encoding IFN-␥. Cells transfected with empty vector failed to produce IFN-␥ protein, whereas little IFN-␥ protein was secreted in IFN-␥-transfected cells that lacked furin. Reconstitution of these cells by cotransfection with a plasmid encoding wild-type furin resulted in a marked increase in IFN-␥ secretion (Figure 2A ), while IFN-␥ mRNA levels remained unaffected. Importantly, an inactive furin mutant (D153A) 18 failed to up-regulate IFN-␥ protein ( Figure  S1 , available on the Blood website; see the Supplemental Figures link at the top of the online article).
We next determined whether interfering with furin expression in T cells also affects IFN-␥ production. A variant of ␣ 1 -antitrypsin (␣ 1 -AT), mutagenized to include a minimal furin cleavage consensus sequence (␣ 1 -PDX), 19 inhibits furin and PC5 but not the other major T-cell PC, LPC. 20 Human T cells were stimulated with IL-12 to up-regulate furin and IFN-␥ expression in the presence of ␣ 1 -PDX or ␣ 1 -antitrypsin. As shown in Figure 2B and Figure S2 , ␣ 1 -PDX treatment blocked IFN-␥ production measured by ELISA and intracellular staining, whereas IL-12-induced IFN-␥ mRNA was only partially affected. Induction of IFN-␥ by the combination of IL-12 and IL-18 was also diminished by more than 70% ( Figure  S3 ). Furthermore, TCR-mediated stimulation of Th1 cells upregulated furin protein and induced IFN-␥ ( Figure 2C ). As reported, addition of recombinant ␣ 1 -PDX, but not ␣ 1 -AT, caused almost complete depletion of intact furin, 21 which was associated with loss of IFN-␥ production. Finally, the effect of the protein inhibitor was confirmed by furin RNAi in polarized T cells. In primary T cells, RNAi reduced furin mRNA and protein levels approximately 60% to 80% ( Figure 2D ). Concomitantly, IFN-␥ production by Th1 cells was also reduced by 50% to 70%, whereas furin RNAi treatment of Th2 cells had no effect on IL-4 generation.
Furin is a ubiquitously expressed protease with a plethora of reported substrates. It is critical for regulating the maturation of many proteins through cleavage steps in the trans-Golgi network, including the processing of cytokines such as TGF-␤ and regulators of cytokine production like TNF␣ converting enzyme. Herein, we provide evidence that despite its ubiquitous expression and broad functions, furin is regulated by IL-12 in a Stat4-dependent manner, is preferentially expressed in Th1 cells, and regulates the production of IFN-␥ protein.
Clearly, it will be of interest to determine exactly how this protease contributes to the regulation of cytokine production. In fact, very little is known about how the secretion of 4 ␣-helical cytokines like IFN-␥ is regulated. Identification of IL-12-regulated GAACATGACCCCAAAAACCAA, Taqman MGB probe: CCCATTGGCCGCCTG. (F) Naive CD4 ϩ /45RO Ϫ human T cells were purified using negative selection columns and activated with plate-bound anti-CD3 and anti-CD28 for 3 days in the presence of IL-2 (50 U/mL), IL-12 (10 ng/mL), and anti-IL-4 Ab (5 mg/mL) for Th1 condition or in the presence of IL-2 (50 U/mL), IL-4 (40 ng/mL), and anti-IL-12 Ab (5 mg/mL) for Th2 condition. On day 3, the polarizing cytokines were re-added and the cells were cultured 4 additional days without neutralizing antibodies. Furin, IFN-␥, and IL-4 mRNA expression levels, normalized to GAPDH, are shown with expression in naive cells being assigned an arbitrary value of 1. Furin and actin protein levels from Th1 and Th2 samples were analyzed by Western blot (insert). All experiments were performed at least 3 times. One representative experiment is shown, and error bars depict intraexperimental variation. *P Ͻ .001.
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For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From furin expression uncovers a potential new layer in cytokine secretion, although furin could have many targets in Th1 cells. We considered the possibility that furin might directly cleave IFN-␥ and thus promote its maturation/production. A potential protease target sequence 22 was noted in IFN-␥ protein ( 151 KRKR 154 ), but furin enhanced the secretion of the mutant version of IFN-␥ ( 151 KAKA 154 ), suggesting an alternate mode of regulation. Given its widespread functions, it is perhaps not surprising that deficiency of furin results in embryonic lethality. 23 While this lethality is a major limiting factor in understanding the role of furin in T cells in vivo, hopefully this can be overcome using tissue-specific deletion of furin. 24 Additionally, because of its diverse functions, it seems unlikely that interfering with furin function per se would be useful therapeutically. However, elucidating the mechanisms involved in IFN-␥ production and secretion might provide new opportunities for therapeutic intervention. Figure 1 and were transfected with siRNAfurin (1 g, sense: GGACUUGGCAGGCAAUUAUUU purchased from Dharmacon, Lafayette, CO) or nonsilencing siRNAs (siRNAns, nontargeting siRNA no. 1 from Dharmacon) using T-cell nucleofector kit (Amaxa; approximately 45% transfection efficiency, detected by green fluorescent protein [GFP] ). At 48 hours after transfection, cells were restimulated for 24 hours with anti-CD3 and anti-CD28. IFN-␥ and furin mRNA levels were normalized to GAPDH, and Th1 cells transfected with siRNAns were assigned an arbitrary value of 100. IFN-␥ and IL-4 proteins were detected from supernatants of Th1 and Th2 cells, respectively, by Cytometric Bead Array. Western blot (top right panel) shows the effect of furin RNAi on furin and actin protein levels in human CD3 ϩ cells. All experiments were performed at least 3 times. One representative experiment is shown, and error bars depict intraexperimental variation.
